Current therapy for carotid stenosis mainly includes carotid endarterectomy and endovascular stenting, which may incur procedure-related cerebral ischemia. Several methods have been employed for monitoring cerebral ischemia during surgery, such as awake neurocognitive assessment, electroencephalography, evoked potentials, transcranial Doppler, carotid stump pressure, and near infrared spectroscopy. However, there is no consensus on the gold standard or the method that is superior to others at present. Keeping patient awake for real time neurocognitive assessment is effective and essential; however, not every surgeon adopts it. In patients under general anesthesia, cerebral ischemia monitoring has to rely on non-awake technologies. The advantageous and disadvantageous properties of each monitoring method are reviewed.
Introduction
Stroke is the second leading cause of death, responsible for about 10% of all deaths per year in the world [1] . Carotid artery stenosis is responsible for 20% of strokes in the adult population [2] . It is typically caused by atherosclerosis at the bifurcation of the common carotid artery and the internal or external carotid artery [3] . Carotid endarterectomy (CEA) and carotid artery stenting (CAS) is the mainstay of therapy, with the aim of relieving stenosis and preventing thromboembolism. Both carotid clamping during CEA and balloon insufflation during stenting can lead to complete stoppage of the blood flow via an already stenotic carotid artery. The perfusion of the brain ipsilateral to the side of procedure relies on the collateral flow when carotid clamping or balloon insufflation are applied. The ipsilateral brain undergoes ischemia if the collateral flow is inadequate. Moreover, ruptured atherosclerotic plaque and/or surgical debris can result in distal embolic stroke if they are accidentally washed into the cerebral circulation. Therefore, the brain is prone to cerebral ischemia during CEA and CAS.
However, not every episode of cerebral ischemia leads to stroke. The outcome of cerebral ischemia depends on the severity, duration, and location of the ischemic insult [4] . The incidence of cerebral ischemia in the perioperative period of CEA and CAS is lacking however, the incidence of stroke has been reported. The rate of ipsilateral ischemic stroke from the time of randomization to 30 days after the procedure was reported to be 6.51% with CAS and 5.14% with CEA in the Stent-Supported Percutaneous Angioplasty of the Carotid Artery versus Endarterectomy (SPACE) trial that studied 1,200 patients [5] . The periprocedural rate of stroke was reported to be 4.1% in the CAS group and 2.3% in the CEA group (P=0.01); however, after this period, the incidences of ipsilateral stroke with stenting and with endarterectomy were similarly low (2.0% and 2.4%, respectively, P=0.85) in the Carotid Revascularization Endarterectomy Versus Stenting Trial (CREST) that recruited 2,502 patients [6] . A systematic review of 32 studies found that the incidences of the diffusion-weighted imaging (DWI) identified lesions, suggestive of ischemic nature, are 37% after carotid angioplasty and stenting and 10% after CEA, respectively [7] . On the other hand, cerebral hyperperfusion syndrome may also occur with an incidence of 0-3% after CEA [8] . Therefore, it is crucial to continuously monitor cerebral perfusion in order to timely reverse cerebral ischemia during CEA and CAS given the nature of these procedures and high incidence of cerebral blood flow disturbance. The aim of this paper is to specifically review cerebral hemodynamic monitoring during CEA and CAS, with a focus on the advantages and disadvantages of each monitoring modality.
Keeping patient awake
The most reliable monitoring of cerebral ischemia is to directly and continuously assess neurocognitive function in an awake patient given brain sensitivity to even a very brief period of cerebral ischemia and hypoxia [9] [10] . The wellbeing of neurocognitive function is by all means the end point of cerebral perfusion monitoring and management. The successful conduction of CEA or CAS will have to rely on loco-regional anesthesia (LRA) in order to have the patient awake while accomplishing the intended procedure. Superficial cervical plexus block with or without deep cervical plexus block is the common LRA technique during CEA while local anesthetic infiltration of the area used for vascular access is normally used for CAS. The neurocognitive function that is commonly assessed during procedure includes mental status, orientation, language, motor and muscle strength, sensation, and calculation.
In a cohort study involving 314 patients undergoing CEA, intraoperative direct neurologic monitoring of the awake patients was shown to be the most sensitive and specific method of identifying patients requiring shunt placement compared to electroencephalography (EEG) and stump pressure (SP) [11] . The potential disadvantages of LRA include patients' agitation or distress, airway obstruction, and injury to nearby structures during nerve block [12] [13] ; for example, 4.4% of patients under LRA suffered from injuries related to the nerve block needle in the GALA trial [12] . Importantly, the GALA trial failed in defining outcome differences including quality of life, length of hospital stay, stroke, myocardial infarction and death between LRA and general anesthesia (GA) during CEA [12] . However, the GALA trial found that fewer shunts are used in the LRA group than the GA group (14% vs. 43%) [12] . Overall, the primary advantages of direct neurocognitive monitoring in awake patients are its specificity and sensitivity [11, [14] [15] . However, the available evidence in relevance to patients' outcome does not bestow superiority to LRA (awake approach) over GA.
Electroencephalography
EEG is determined by the summated neuronal electrical activity in the cerebral cortex and has been used for more than 40 years for cerebral ischemia detection during carotid surgery [16] . When affected by ischemia, EEG waveform shows up as ipsilateral slowing, attenuation, even a loss of signal [17] . In a retrospective study of 1,411 patients undergoing CEA, selective shunting group guided by EEG showed a lower rate of perioperative stroke than the routine shunting group (1% vs. 4%, P=0.04) [18] . A meta-analysis including a total of 742 measurements of EEG monitoring during CEA reported a sensitivity of 70% and specificity 96% [15] . This study also showed the diagnostic odds ratio of 65.3 (95% CI: 20.5-207.7) for EEG increased with the number of channels used (P=0.03) and suggested use of a high number of channels [15] . In the prospective study involving 314 patients undergoing awake CEA, ischemic EEG changes were observed only in 19 of 32 (59.4%) patients requiring shunt placement, with a false-positive rate of 1.0% and a false-negative rate of 40.6% [11] . EEG monitoring has advantages of directly assessing cerebral electrical activity and being continuous. However, both hypothermia and almost all anesthetic agents affect EEG tracing [19] . Therefore, maintaining a stable core temperature and anesthetic depth is a prerequisite of using EEG to monitor cerebral ischemia. Furthermore, EEG only reflects the processes in cerebral cortex, does not detect electrical activity in deeper brain structures, and may be affected by a previous stroke [20] . The complexity of interpretation of raw data also limits the wide use of EEG in clinical care.
Bispectral index (BIS) monitoring is currently widely used to monitor the depth of anesthesia. Its ability to detect cerebral ischemia was also tested in several studies. In a study of 52 patients undergoing awake CEA, 6 patients showed clinical signs of cerebral ischemia; however, only one patient showed a decrease of BIS value from 92-98 down to 38 [21] . In another study of CEA under GA, BIS values were reported as increase, decrease, or being stable during carotid cross clamping [22] . Therefore, the available evidence does not support the use of BIS monitoring in detecting cerebral ischemia during carotid procedures.
Somatosensory and motor evoked potential
Somatosensory evoked potential (SSEP) measures cerebral response to peripheral stimulations via somatosensory pathways. Therefore, compared to EEG, SSEP monitors neurological function of deeper brain structures [23] . A reduction of SSEP's amplitude of over 50% and/or prolongation of its latency of more than 10% is considered clinically significant [24] ; however, the cause of these changes needs to be determined in the clinical context. The SSEP's ability to detect cerebral ischemia has been tested during carotid procedures. In a study of 64 patients undergoing CEA under GA, the sensitivity and specificity in predicting postoperative neurologic deficits were 100% and 94% for SSEP in comparison to 50% and 92% for EEG [25] . In another study of 156 patients, SSEP predicted intraoperative cerebral infarction in two cases without false negatives or false positives, while EEG yielded one false negative result [23] . However, SSEP only covers sensory pathways/regions of the brain, which leaves the rest of the neurological system unmonitored [26] . Similar to EEG, various anesthetic agents affect SSEP monitoring to certain degrees depending on the agent and dose being used [19] . Previous studies also tested the use of transcranial motor evoked potential (tcMEP) to monitor cerebral ischemia during CEA. The criteria used for diagnosing cerebral ischemia vary, with some studies using a reduction of tcMEP's amplitude of > 50% [27] while others using presence-or-loss of tcMEP [28] [29] as clinically significant. All of these studies concluded that tcMEP is a useful adjunct to other monitoring modalities [27] [28] [29] . Similar to SSEP, tcMEP only monitors the function of motor pathway/region of the neurological system; therefore, it does not monitor the area that it does not cover. At present, there is no evidence to advocate the use of tcMEP as the sole monitor of cerebral ischemia during carotid procedures.
Transcranial Doppler (TcD)
Transcranial Doppler (TCD) measures the blood flow velocity in major cerebral arteries such as the middle cerebral artery (Vmca). Its application in detecting cerebral ischemia during clamping and hyperperfusion after declamping has been tested in patients undergoing CEA [30] . A reduction of Vmca suggests a decrease of cerebral blood flow. However, different studies have proposed different thresholds, from 50% to 90%, for shunting placement [31] [32] . The meta-analysis by Guay et al. reports a sensitivity of 81% and specificity of 92% using TCD to detect cerebral ischemia in CEA patients [15] . Most perioperative strokes are due to solid and gaseous microemboli [33] and the TCD's ability to detect microemboli signal in CEA patients has been demonstrated [33] [34] [35] . At present, TCD is the only monitor that is capable of continuously monitoring cerebral blood flow and the only technology that is capable of detecting microemboli [36] . The limitations of TCD monitoring are that it cannot be applied in about 10% to 20% of patients due to the lack of acoustic window [37] , its bulky design prevents it from being applied in certain head/neck procedures, it requires skilled operators for consistent result [36] , and it monitors flow velocity, not mass flow in the major cerebral artery being insonated.
carotid stump pressure
Carotid stump pressure (SP) is measured at the distal end of the carotid artery being clamped during CEA. It reflects the adequacy of the collateral flow that originates from the posterior circulation and contralateral anterior circulation and perfuses the territory covered by the ipsilateral internal carotid artery via the circle of Willis. The SP threshold used for selective shunting varies from 25 to 70 mmHg in different studies [38] [39] [40] [41] , and extreme values (< 25 or > 50 mmHg) may be more useful indicators during CEA procedure [42] . The overall sensitivity and specificity of SP is 75% and 88% for evaluating cerebral perfusion [15] . SP approach is featured by easy application and low cost. However, the available evidence failed in showing its validity of predicting the need for shunt placement during CEA [43] .
cerebral oximetry
Cerebral oximetry based on near-infrared spectroscopy (NIRS) measures hemoglobin oxygen saturation in mixed arterial, capillary and venous blood (SctO 2 ) in the frontal tissue bed illuminated by near-infrared light. SctO 2 monitored on the ipsilateral forehead decreases if carotid artery clamping or balloon occlusion leads to a decrease of the ipsilateral cerebral perfusion and oxygen delivery [44] [45] . The SctO 2 reduction was shown to correlate with changes in EEG [46] , TCD [47] , SP [45] and postoperative neurologic deficits [44] [45] [46] [47] [48] . Several studies showed varying sensitivity (30%-80%) and specificity (77%-98%) using cerebral oximetry for brain ischemia detection in CEA patients under LRA [44] [45] [46] [47] [48] [49] and GA [50] , while other studies consider it reliable with high sensitivity (100%) and specificity (82.83%-96%) under LRA [51] and GA [45] . At present, there is no consensus on the cut-off SctO 2 value for predicting cerebral ischemia, with a relative decrease of 11.7%-25% from baseline being adopted in previous studies [44] [45] [49] [50] [51] . Cerebral oximetry has advantages of being non-invasive, continuous, and easy to interpret. However, it only monitors a superficial area of the frontal lobe when it is applied on the forehead that leaves the areas such as the parietal lobe, the area likely most prone to ischemia during CEA, uncovered [49] . The signal contamination by the scalp is another limitation; however, the newer algorithm of cerebral oximetry is able to minimize this interference.
Other techniques
In a study of 48 patients undergoing awake CEA, arterial-jugular venous lactate content difference (AJDL) was found to have a sensitivity of 67% and specificity of 86%, while jugular bulb venous blood oxygen saturation (SjvO 2 ) having a sensitivity of 75% and specificity of 83%, in detecting cerebral hypoperfusion [52] . Xenon-133 washout technique was also tested in CEA patients [53] . It is able to assess the global cerebral perfusion; however, it is expensive, complicated to operate and interpret, and does not offer continuous monitoring [54] .
Summary
Due to the high risk of cerebral ischemia, continuous and reliable monitoring of cerebral ischemia is crucial during carotid procedures including CEA and CAS. Direct assessment of neurocognitive function in awake patients has high sensitivity and specificity in detecting cerebral ischemia; however, its beneficial effect on the overall outcome has not yet been proven. In patients undergoing GA, the monitoring of cerebral ischemia during carotid procedures has to rely on modalities including EEG, evoked potentials, cerebral oximetry, TCD and SP. Each modality has its advantages and disadvantages in monitoring cerebral ischemia during CEA and CAS and at present, no one shows clear superiority over others. As a result, combining different monitoring modalities for the purpose of better detection of cerebral ischemia in these highrisk procedures is well advised, especially in patients whose neurocognitive function cannot be directly assessed due to GA.
